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(57) Abstract: A device wavelength division multiplex optical transmission system has the wavelengths of the optical carriers ar- 
Q ranged so as to reduce the effect of in-band crosstalk which results from unwanted side bands to the carriers. Possible wavelengths are 

placed on an equally spaced wavelength grid, and the transmitted channels are organised into groups of three each of which is placed 
^ on four adjacent grid positions, one of which is unused. Adjacent groups are spaced apart by two or more vacant grid positions. 
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Optical Transmission System 
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This invention relates to an optical transmission system, and more particularly to such a 
system in which light is transmitted over a single optical fibre at a number, possibly a 
large number, of different wavelengths, with each wavelength, or Colour' of light 
carrying a separate optical communication channel. Such a system is often referred to 

5 as a Dense Wavelength Division Multiplex (DWDM) system. One of the effects of 
fibre transmission characteristics, such as non-linearity, is to degrade the shape of pulses 
of light transmitted within each channel and to generate undesirable side bands at 
wavelengths which could differ from the wavelength which is launched at the beginning 
of a fibre. These side bands can coincide with adjacent transmitted wavelengths (ie 

10 slightly different colours) and so interfere with adjacent channels to cause corruption of 
the pulses transmitted at these other wavelengths. 

It is necessary to minimise the channel spacing in DWDM systems so as to 
accommodate a large number of channels in the available overall bandwidth. In order 
15 to maximise the use of the available bandwidth, equal channel spacing on a grid 
specified by the ITU is frequently adopted, but equal channel spacing is sensitive to 
unwanted side bands as these can appear as in-band crosstalk disturbances that reduce 
the signal to crosstalk r: 1o. 

20 The suppression of all in-band crosstalk terms implies an unequal channel spacing 
allocation that requires a prohibitively large system bandwidth. 
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The present invention seeks to provide an improved optical transmission system. 

According to this invention, an optical transmission system includes an optical 
transmitter and an optical fibre, the transmitter being arranged to transmit along the 
5 fibre a plurality of optical channels each at a different wavelength placed on an equally 
spaced wavelength grid, the channels being organised into groups of three, each of 
which is placed on four adjacent grid positions, one position of which is unused, with 
adjacent groups being spaced apart from each other by two or more vacant grid 
positions. 

10 

The invention is further described by way of example with reference to the 

accompanying drawings, in which: 

Figure 1 shows an optical transmission system and 
Figures 2, 3 and 4 are explanatory diagrams relating thereto. 

15 

Referring to Figure 1, an optical transmission system includes an optical transmitter 1 
which sends optical communication signals over an optical fibre 2 to an optical receiver 
3. The fibre 2 typically can be in excess of 100 kilometres in length, and carries a large 
number of different communication channels, each at a different wavelength, or colour. 
20 Such a system is known as a DWDM system in view of the large r fc mber, typically 
thirtytwp or more, of wavelengths used. The individual thirtytwo communication 
channels 5 are received at the transmitter 1, and multiplexed together in DWDM for 
transmission over the single fibre 2 to the receiver 3, where the individual channels 6 
are made available at output ports. 
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Li this example, the optical fibre is a non-zero dispersion fibre (NZDSF), and high input 
channel powers induce non-linear phenomena but degrading the pulse shape. Such a 
fibre generates what is termed four wave mixing (FWM), which represents undesirable 
5 sidebands. 

Unwanted side bands can also be generated by so-called zero-dispersion fibre; 



The optical fibre 2 has aravailable bandwidth, and there are predetermined discrete 
10 wavelengths which can be used for the different channels. These discrete wavelengths 
correspond to an equal-spaced grid which is specified by the ITU, and the use of an 
equal channel spacing gives rise to four wave mixing components which causes in-band 
crosstalk disturbances. The invention substantially reduces this difficulty by the use of 
a three channel code (TCQ which is represented diagrammatically in Figure 2. 

15 

In this figure, a standard ITU equal channel spacing grid is shown on the wavelength X 
axis, but the optical channels are organised into groups of three wavelengths, of which 
three such groups 7, 8, 9 are shown. Each group occupies four grid positions, so that 
one grid position within each group is vacant and the first and last grid positions in each 
20 group are occupied. As many groups are provided as is required for the total number of 
channels to be transmitted. Each group is separated from its adjacent group by two or 
more vacant grid positions L In Figure 2, k = 2, as there are two vacant grid positions 
between adjacent groups. In order to make efficient use of the available bandwidth, k 
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should be small, but k can be larger, eg* k>= 3 or k = 4 to further reduce undesirable 
crosstalk disturbances, but at the penalty of less efficient use of the bandwidth. 

The FWM power Pyk, generated by three continuous wave channels of input powers P i9 
5 Pj, Pk at frequencies f j, fj, and fk at the output of a fibre with attenuation a and length z 
is 

P^d iJk 2 y% P i P j P k t1 9k e~ (1) 

where dyk is the degeneracy factor, taking value 1 or 2 for degenerate and non 
degenerate terms, respectively, y the non-linear coefficient, L e g the effective length, and 
10 T|ijk the efficiency, which can be approximated for long enough NZDSFs as T]ijk= 

a 2 f&f}? k • The phase matching coefficient A/%, away from the zero dispersion region, is 



Aj3 ijt =^.D C A4A^ (2) 

where D c is the fibre dispersion and AA., fc and hXjk are the wavelength spacing between 
15 channels i and k, and j and k. In the case of channels arranged on the ITU grid, A/?*/* 
takes the discrete values: 



A0 tt =n 



DM (3) 



and thus also the efficiency becomes 7j n - rj(Afi n ), where n=li-jfcll;-ftl is the efficiency 
order, and AA is the selected ITU grid resolution, typically a multiple of 0.4 nm. 



20 
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Figure 3 shows one group of three wavelengths in more detail placed on an equal space 
grid at slots 1, 3 and 4. 

A slot corresponds to the selected grid resolution AX, In Figure 3, all FWM terms are 
5 also summarised. Each term is represented by the indices ijk of the three channels 
involved in the product For instance, the term 134 falling on slot 0 labels the FWM 
contribution jointly generated by the channels at slots 1, 3 and 4. For each FWM term, 
the corresponding efficiency (ie relative magnitude) ij n is also marked in Figure 1. It 
will be seen that no FWM term falls on the three channels, and the efficiency of the 
10 FWM terms decreases with their distance from the "three channel group" composed of 
slots 1 through 4. The invention adds more channels to the WDM comb by repeating as 
many three-channel groups as needed, spaced k slots apart from each other as shown in 
Figure 2. The bandwidth occupied by an N-channel WDM system is therefore 

B =[4Q + k{Q-\)+ {k +R) min(l, R)] AA (4) 



15 



where Q and R are the quotient and the remainder of the division of N by 3, namely 
N=3Q+R. Note that the in-band FWM terms falling on a channel within a specific 
group appear because of the presence of channels belonging to different groups. Thus, 
by increasing the slot distance k between adjacent groups, the efficiency of the in-band 
FWM terms decreases, at the expense of an increase of the system bandwidth B* The 
fractional bandwidth expansion, defined as e B = B/(NAA.)-1, can be found, for typically 
large values of N, as 6b s (fc+l)/3, and depends only on k. It is easy to verify that the 
smallest efficiency order n of the in-band FWM terms is 1 when k = 0, 4 when k = 1 , 
andn = A: + 4 for lc>2. 



WO 02/15450 



6 



PCT/IBO 1/01709 



At low transmitted power levels, the equal channel spacing (ECS) is the best scheme, 
i.e., the one that minimises the system bandwidth. As the per channel power increases, 
the signal-to-crosstalk ratio (SXR) quickly decreases below a tolerable threshold value 
5 SXRmin for some channels of the comb. 

The resulting ECS system bandwidth, for a N=32 channel system, is plotted in solid 
line in Figure 4 versus the average input channel power. The low power grid resolution 
is 0.4 nm, increasing in steps of 0.4 nm at each discontinuity in the curve. 

10 

Figure 4 also shows the system bandwidth of the TCC schemes, for the same system 
and fibre parameters. Consider first the TCC with grid resolution 0.4 nm, dashed line. 
As the power increases, SXRmin is reached by some channels, and the island distance k 
is increased by one unit at each discontinuity, starting at low-power with k=0. Up to 
15 average input power per channel Pi„ = -1 dBm the ECS is the best scheme. For higher 
power values, up to about 9 dBm, the TCC with ITU grid resolution 0.4 nm is the most 
efficient in terms of system bandwidth. 

However, as the island spacing k becomes large, even the TCC becomes inefficient, and 
20 a way of recovering bandwidth efficiency h "j u )t a TCC scheme with a higher grid 
resolution, i.e., by enlarging the grid slots. The system bandwidth for the TCC scheme 
with resolution 0.8 nm is also shown in the Figure 4 in dotted line. 
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CLAIMS 

1. An optical transmission system including an optical transmitter and an optical 
fibre, the transmitter being arranged to transmit along the fibre a plurality of optical 
channels each at a different wavelength placed on an equally spaced wavelength grid, 
the channels being organised into groups of three, each of which is placed on four 
adjacent grid positions, one position of which is unused, with adjacent groups being 
spaced apart from each other by two or more vacant grid positions. 

2. An optical transmission system as claimed in Claim 1 and wherein the unused 
grid position in each group of three channels occurs at the second grid position for all 
groups. 

3. An optical transmission system as claimed in Claim 1 and wherein the unused 
grid position in each group of three channels occurs at the third grid position for all 
groups. 

4. An optical transmission system as claimed in any of the preceding claims and 
wherein all adjacent groups are spaced apart by two vacant grid positions. 

5. An optical transmission system as claimed in any of the preceding claims and 
wherein the grid spacing is 0.4nm. 

6. An optical transmission system as claimed in Claims 1 to 4 and wherein the grid 
spacing is 0.8 nm. 
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7. An optical transmission system as claimed in any of the preceding claims and 
wherein sixteen or more optical channels are provided. 

8. An optical transmission system in which the optical fibre is a non-zero 
dispersion fibre. 
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FWM Crosstalk Suppression Using 
Wavelength Grouping in 25-GHz-Spaced 10- 
Gbps-Based WDM Transmission Over NZ- t 
DSFinC-Band 

T. Katagiri, T. Naito, A. Miura, K Amemiya, * 
Fujitsu Laboratories LTD., Kawasaki, Japan; 
R. Funane, Fujitsu Higashi-Nihort Digital 
Technology Limited, Sapporo, Japan, Email: 
toruk^labs.jujitsu. com. 

We have proposed a novel wavelength grouping 
method which effectively suppresses FWM 
crosstalk with a minimum sacrifice in transmis- 
sion capacity. A 1.36-Tbps WDM transmission' 
employing this method was demonstrated over an 
enhanced LEAF m the C-band. 

1. Introduction 

A 25-GHz channel-spaced 10-G bps-based dense 
WDM transmission system is an attractive way to 
meet the demand for higher transmission capacity 
caused by the growth in data traffic because its 
capacity (i.e., spectral efficiency) is equivalent to 
thai of a 40-Gbps-based 1 00-GH z-cbannel-spaccd 
WDM system. Transmission experiments at 25 
GHz using SMF in both the O and L- bands and 
NZ-DSF is the L-band [ 1 ,2] demonstrated that the 
chromatic dispersion of fibers is large (more than 7 
ps/nm/km) enough to suppress FWM crosstalk and 
thus achieve good transmission performance. The 
chromatic dispersion of NZ-DSF in the C-band is 
small, so FWM crosstalk is the limiting factor for a 
terrestrial system with a large span loss, resulting in 
degraded transmission performance. To overcome 
this weakness, the use of unequally spaced chan- 
nels has been proposed [3], it is, however, difficult 
for this system to construct a multiplexer and de- 
multiplexer, for example, an arrayed waveguide 
grating (AWG). In this paper, we have proposed 
and demonstrated a method for suppressing FWM 
crosstalk that uses wavelength grouping (wG) for 
equally spaced channels to improve the transmis- 
sion performance of a 25-GHz channel-spaced 10- 
Gbps-based dense WDM transmission system. 

2. Wavelength Grouping to reduce FWM 
crosstalk 

Wavelength.allocation without and with WG in a 
WDM system with 25-GHz channel spacing is 
illustrated in Figure 1. The (ra,n), where m and n 
= { 1, 2, 3, ...), represent the type of WG: m is the 
number of continuous signal wavelengths with 
the lightwave source "on", and n is the number of 
signal wavelengths next to them with the light- 
wave source H off" . The crosstalk due to FWM is 
more and more suppressed by WG as the number 
of combinations of signal wavelength that con- 
tributes to FWM generation decreases [4]. The 
wavelength allocation to achieve the WG is 
selected in order to reduce the target of the FWM 
crosstalk to less than -25.5 dB corresponding to 
1-dB Q-pcnalty as OSNR = 16.8 dB with a con- 
ventional FEC. 

Figure 2 shows the FWM crosstalk versus the sig- 
nal wavelength for 100-km enhanced LEAF 
transmission in the C-band with continuous light- 
waves (i.e., non-modulated signals). The experi- 
mental and calculated results are almost the same 
without and with WG Figure 3 shows the FWM 
crosstalk suppression versus m» with n=l. When 
m was small, FWM crosstalk was greatly sup- 
pressed, the transmission distance was extended, 
and the transmission capacity was reduced. When 
ra was large, the FWM crosstalk was little sup- 
pressed, the transmission distance was limited, 
and the transmission capacity was somewhat 
reduced. There is thus a trade-off between trans- 
mission capacity and distance. We can design the 
. number of ra, considering the required FWM 
crosstalk based on the calculated results as shown 
in Figure 3. 

3. Experiment 

As shown in Figure 4, we used a transmitter with 
160 laser diodes (LDs) with wavelengths from 
1530.33 nm to 1562.03 nm as the 23-GHz-spaced 
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Figure 1. Wavelength allocation for the wavelength grouping (WG). 
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Figure 4. Experimental setup. 



WDM signal source. Each was multiplexed with 
100-GHz spacing using four AWGs. Each 100- 
GHz-spaced WDM signal and the measurement 
signal were modulated with LiNbOi Mach 
Zhender (MZ) modulators. with NRZ 9.95 Gbps 
and a PRBS of 2 23 -l and 2 31 -1. Each channel had 
a random state of polarization because there was 
no polarizBtion-maintaming fiber after the MZ 
modulators. Polarization controllers were located 
at each modulator's output because the polariza- 
tions for adjacent channels were so controlled as 
to measure the worst-case BER. The 25-GHz- 
spaced WDM signal was launched into the trans- 
mission fiber through couplers, a 25-GHz/50-GHz 
interteaver, and a post-amplifier consisting of a 



two-state EDFA. The fiber input power for each 
span was -3 dBm/ch. The transmission line con- 
sisted of six chains with a 100-km enhanced LEAF 
per span (span loss: 23 dB, chromatic dispersion: 
+440 ps/nm) and five in-line amplifiers with a two- 
state EDFA, On the receiver side, the received sig- 
nal was selected through a prc-ampHfier, a 25-GHz/ 
50-GHz interleave!, and cascaded tunable filters 
with 0.6- and 0.3-nm FWHM. Dispersion compen- 
sation modules were installed in the post-amplifier, 
pre- amplifier and in-line amplifier after the third 
span (1LA3). The LDs of the channels listed in 
Table I were turned off to achieve WG We selected 
the channel numbers taking into account the experi- 
mental results of FWM crosstalk without WG The 
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use of WG reduced the transmission capacity from 
1.6 Tbps (10 Gbps * 160 channels) to 1 36 Tops 
(10 Obps x 136 channels). 



Channels 
(total 24) 



3, 6,9,12,15, 18, 22, 27,34, 
41,48, 54,59,64, 68,72, 76, 
80, 84, 88, 92, 96, 100, 104 



Table 1. Channels of signal off to achieve a wave- 
length grouping (WG). 

Figures 5(a) and (b) show the received spectra after 
600-km transmission. The 24 signal wavelengths 
were turned off in the case of WQ as shown in Fig- 
ure 5(b). The received OSNRs for all channels 
were 16.8 dB, and the received power deviation 
was less than 6 dB without and with WG 
Figure 6 shows the FWM crosstalk for ail chan- 
nels after 600-km transmission, measured under 
the worst-case BER. The wavelength dependence 
of the crosstalk characteristics was not same as 
that after 100-km transmission, shown in Figure 
2, because of FWM resonance in multi-span dis- 
persion-managed link [5J. The reduction in FWM 
crosstalk on average was 4.8 dB that was almost 
the same as Figure 3, from -23,2 to -28.0 dB, 
around 1546 nm with (3,1) WG 
Figure "7 shows the Q-foctors for all channels, 
which were converted from the measured BERs 
after 6004cm transmission under the same condi- 
tions as for measurement of FWM crosstalk. The 
worst Q-factor was improved by 3 dB, from 1 1.8 
to 14.8 dB. This improvement can extend the 
transmission distance by 40%. The Q-factor devi- 
ation of each channel with WG was smaller than 
that without WG The received waveforms of 
1532.29 nm (11-th channel) without and with WG 
(the insets of Figure 7) show clearly that the pro- 
posed method improved waveform distortion. 
Figure 8 snows the relationship between FWM 
crosstalk and the Q-penalty, which is the differ- 
ence between the back-to-back and received Q- 
factors. The experimental and calculated results 
were almost the same. As FWM crosstalk was 
suppressed from -20.5 to -25.8 dB with (2,1) 
WG, which reduced the Q-penalty by at least 2 
dB. An additional penalty was measured when 
FWM crosstalk was large because of nonlinear 
effects such as XPM. 

We measured the time-dependence characteristic 
of the Q-factor for six hours to investigate the 
validity of the measurement method. Measuring 
the worst case FWM crosstalk was sufficient 
because the Q-factor at the initial setting was 
atmost'the same as the worst one in 360 points. 
The average of Q-factor was 15.0 dB, and the 
standard deviation of Q-factor was 0. 1 8 dB. 

4. Conclusion 

Using wavelength grouping, FWM crosstalk have 
been reduced in 25-GHz-spaced 10-Gbps-based 
WDM transmission over 100 fan « 6 enhanced 
LEAF in the C-band. FWM crosstalk was reduced 
from -20.5 to -25.8 dB, and the Q-factor was 
improved by at least 2dB with (2,1) wavelength 
grouping. The transmission distance was extended 
by 40%, while the transmission capacity was 
reduced by only 15%. This proposed method is thus 
useflil for 25-GHz-spaced dense WDM transmis- 
sion using a low chromatic dispersion fiber. 
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Figure 5. Received spectra after 600-km transmission (a) without the wavelength grouping (WQ) 
(b)withWG 
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Figure 6. FWM crosstalk after 600-km transmission. 
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Figure 7. Q-factor after 600-km transmission. 
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Figure 8. Q-penalty versus FWM crosstalk. 
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